Abstract: Genetic and environmental factors are responsible for differences in the prevalence of some diseases across countries. Human leukocyte antigen (HLA) allele frequencies in North African populations show some differences in their distribution compared to Europeans, Mediterraneans, and sub-Saharans, and some specific alleles and haplotypes could be clinically relevant. Celiac disease (CD) has been fast increasing in prevalence in North Africa; but few immunogenetic data are available for this area, in which a high prevalence of the disease has been described. In this report, we assess and discuss results of HLA class II (HLA-DQA1/DQB1/DRB1) typing in Moroccan patients with CD and compare them with a control population from Morocco-genetically well characterized-and with other North African, Mediterranean, and European populations. The classical HLA-DQ associations were confirmed in Moroccans with CD. The high frequency of DQ2.5 homozygosity (45.2%) found in Moroccans with CD was noteworthy as compared with other populations (23%-32%). The genetic risk gradient for CD, identified by previous studies, has been confirmed in Moroccans with some differences, mainly concerning DQ8 genotypes. This study provides the immunogenetic framework of CD in Moroccans and confirms the need to learn more about associations with additional HLA and non-HLA genetic factors.
Introduction
Celiac disease (CD) is a multifactorial and autoimmune disease caused by a dysregulated immune response to wheat gliadin, which develops in genetically predisposed individuals. CD shows a prevalence of 0.5%-1% in Caucasian populations from Europe and North America; prevalence is increasing in developing countries, especially in North Africa and the Middle East, and at present it is a common disorder in North Africa [1] . It was hypothesized that genetic factors (i.e., the very high frequency of human leukocyte antigen (HLA) predisposing haplotypes, DQ2 and DQ8) joint with a fast increase of gluten intake are the main reasons for this condition, although recently further hypotheses are emerging to explain differences in geographical distribution of the disease. HLA genes encode highly polymorphic transmembrane glycoproteins which play an important role in recognition of foreign antigens; they are key elements in diseases and transplantation. HLA allele distribution is different among populations and HLA polymorphism could be a good marker to study disease susceptibility in HLA-associated autoimmune diseases.
HLA allele/haplotype frequency distribution in North Africans showed some differences from European and Mediterranean populations, while more important differences were found compared with sub-Saharans. The mixing of populations and the high polymorphism of HLA alleles are characteristic of Maghreb [2] [3] [4] [5] . During previous studies, we found that HLA frequencies in this region are intermediate between Sub-Sahara and Europe; some specific HLA alleles and haplotypes that characterize this region could be of interest for clinical purposes.
In CD, HLA class II genetic associations are well defined and the disease rarely develops in absence of specific HLA class II alleles. In the Maghreb area, CD incidence could be associated both with dietary habits and with the high frequency of DR3-DQ2 haplotypes [6] . Among North Africans, immunogenetics of CD has not been deeply studied in Moroccans. In order to evaluate the genetic disease risk in North Africa, CD-associated HLA-DQA1, -DQB1, -DRB1 genotypes and haplotypes were assessed in Moroccan patients with CD and compared with data from North African and Caucasian Mediterranean and European populations.
Materials and Methods

Population Sample
One-hundred and fifteen DNA samples from Moroccan individuals with CD, 17% men and 83% women, aged 18-67 years, were collected at the Medicine C Service, Ibn Sina Hospital of Rabat. Diagnosis was confirmed by serology (anti-transglutaminase, anti-endomysium antibodies) and intestinal biopsy; HLA class II polymorphisms associated with CD were investigated in the present study. Clinical and anamnestic data of patients were registered and patients with uncertain diagnosis were excluded from the study.
Results were compared with a healthy control population from Morocco (Metalsa, North Morocco), previously genetically well characterized by our research group [2, 3] and representative of the genetic substratum of Maghreb and with other Mediterranean and European populations (data extracted from previously published articles and from public databases, see Figures 1 and 2 and Tables 1 and 3 for references).
A written informed consent was signed by each patient and the study was approved by the committee of the National Center for Scientific and Technical Research of Morocco, with code 103212 on 2 April 2012, with respect to the ethical principles of the Ministry of Health of Morocco.
DNA Extraction and CD-Associated HLA Class II Polymorphism
Genomic DNA was extracted from peripheral blood using commercial kits (QIAamp DNA blood mini kit, Qiagen, Hilden, Germany). HLA class II alleles associated with celiac disease were identified using a polymerase chain reaction-sequence-specific primer (PCR-SSP) method (DQ-CD Typing kit, Biodiagene s.r.l., Palermo, Italy) [7] . The detected alleles were HLA-DQA1*02:01, *03, *05, HLA-DQB1*02, *03:01/04, 03:02, HLA-DRB1*03, *04, *07, *11, *12, and the DQB1*02 homozygous status.
Patients were stratified according to risk group classifications for CD based on genotypes of HLA-DR and -DQ loci [8, 9] .
Homozygous DQB1*02 status, detected by the DQ-CD method, included: (1) individuals with the DQ 2.5 haplotype, belonging to the risk group 1 [8] (DR3-DQ2, homozygous DR3-DQA1*05-DQB1*0201); (2) individuals, included in the risk group 1, carrying the DQ 2.5 and DQ 2.2 haplotype (DR3/DR7-DQ2, DR3-DQA1*05-DQB1*0201/ DR7-DQA1*02-DQB1*0202); and (3) individuals with the DQ 2.2 haplotype, included in risk group 4 (DR7-DQ2, homozygous DR7-DQA1*02-DQB1*0202).
DRB1, DQA1, and DQB1 allele data of the control population derived from previous studies on HLA polymorphism in Moroccans. Allele frequencies were in Hardy-Weinberg equilibrium, as previously reported [3] (DQA1, p = 1, DQB1, p = 0.41; DRB1, p = 0.40). CD-associated haplotypes and genotypes in controls were analyzed in the present study.
Statistical Analysis
Allele and genotype frequencies were calculated by direct counting. Differences between groups were analyzed using χ 2 test; Bonferroni correction was applied (p c ) for multiple comparisons. The odds ratio (OR) and 95% confidence interval (CI) were computed. p level was set at 0.05. Disease risk was calculated considering a disease prevalence of 1:100 in the control population, according to reported methods (for each HLA-DQ genotype, percentage of controls divided by percentage of patients multiplied by 100) [9] . Haplotype frequencies were estimated using an expectation-maximization (EM) algorithm for multilocus genotypic data when the gametic phase is not known. For statistical analysis, the SPSS (SPSS Inc., Chicago, IL, USA) and Arlequin [10] software were employed.
Results
DQ2 and DQ8 genotypes in CD
Results of Moroccans and population comparisons are shown in Figure 1 and Table 1 . In general, the classical HLA class II high risk genotypes found in other populations were confirmed in Moroccan patients with CD ( Figure 1A ).
In total, 87% of patients with CD carried the DQ2 and/or DQ8 heterodimers (DQA1*05-DQB1*02, DQ2.5, in cis or trans configuration, and/or DQA1*03-DQB1*0302) vs. 54.2% of controls (p < 0.001).
In other populations with CD DQ2, DQ2/DQ8 were 96.8% in Libyans [11] , 91% in Italians [9] , and 95.8% in Greeks [12] . DQB1*02 allele, in its homozygous configuration ( Figure 1C ), was seven times more frequent in CD than in the Moroccan controls, p < 0.001, confirming previous data [13] ; no difference between patients and controls was found as for heterozygous configuration ( Figure 1D ) and DQB1*0302 allele frequencies (6.5% vs. 12% of the Moroccan controls).
DQ8 frequencies are reported in Figure 1B . As in other populations, DQ8 occurred more frequently in DQ2 negative CD patients (27.8%) than in DQ2 positive (6.3%, p = 0.005), while no difference was present in the control group (26.2% vs. 20.0%, p = not significant (ns)).
HLA-DQ2.2 heterodimer was present in 45.2% of patients and 19.8% controls (p < 0.0001; in 43/115 patients and in six controls it was in association with DQ2.5 or DQ8 heterodimers) (other populations with CD: variable frequencies, 3.2%-20.4%); six patients had only the α5 chain and nine patients only the β2 chain. No Moroccan patients were DQ2/DQ8/β2/α5 negative. 
Statistical Analysis
Allele and genotype frequencies were calculated by direct counting. Differences between groups were analyzed using  2 test; Bonferroni correction was applied (pc) for multiple comparisons. The odds ratio (OR) and 95% confidence interval (CI) were computed. p level was set at 0.05. Disease risk was calculated considering a disease prevalence of 1:100 in the control population, according to reported methods (for each HLA-DQ genotype, percentage of controls divided by percentage of patients multiplied by 100) [9] . Haplotype frequencies were estimated using an expectation-maximization (EM) algorithm for multilocus genotypic data when the gametic phase is not known. For statistical analysis, the SPSS (SPSS Inc., Chicago, IL, USA) and Arlequin [10] software were employed.
Results
DQ2 and DQ8 genotypes in CD
HLA-DQ2.2 heterodimer was present in 45.2% of patients and 19.8% controls (p < 0.0001; in 43/115 patients and in six controls it was in association with DQ2.5 or DQ8 heterodimers) (other populations with CD: variable frequencies, 3.2-20.4%); six patients had only the α5 chain and nine patients only the β2 chain. No Moroccan patients were DQ2/DQ8/β2/α5 negative. Figure 1D includes DQ8+ individuals (DQ2.5/DQ8 genotypes). Population references: a Present study; b Lybia [11] ; c Greece [12] ; Italy [9] .
Risk Groups and Risk Gradient for CD
HLA class II genotypes, haplotypes, and corresponding disease risk according to Margaritte-Jeannin [8] and Megiorni [9] classifications are reported in detail in Figure 1D includes DQ8+ individuals (DQ2.5/DQ8 genotypes). Population references: a Present study; b Lybia [11] ; c Greece [12] ; Italy [9] .
HLA class II genotypes, haplotypes, and corresponding disease risk according to MargaritteJeannin [8] and Megiorni [9] classifications are reported in detail in Table 1 . All patients with CD had at least one HLA risk allele. Table 1 evidences the risk gradient found in Moroccans according to genotypes. The risk gradient identified by previous studies has been confirmed in Moroccans, with some differences, mainly regarding risk associated with DQ8 genotypes. The highest risk for CD, 1:14, was found in risk group 1 (two DQ2, DR3-DQ2 or DR3/DR7-DQ2, with homozygous β2). For HLA-DQ8, a different trend, as compared with Italian [9] and Spanish [14] populations, was evidenced: this is probably because of a different frequency of DQ8 found in Moroccan controls, as in some other populations: in both Moroccans and Libyans, DQ8 genotypes and haplotypes showed a high frequency in the controls, and consequently the CD risk was lower than in other populations for this genotype. This changes the risk for CD of patients with the DQ8 genotype, which seems higher in Italians and in other populations than in Moroccans.
A possible high risk was found in Group 2, DQA1*02:01-DQB1*02-DRB1*07/DQA1*05-DQB1* 03:01,04-DRB1*11 (1:10) (α5β2 trans configuration) and in DQ2.2 with 2 DQB1*02 (1:59), although, due to the small number of subjects in these two groups, this needs further insights. So, in addition to gene dosage (homozygous with 2DQB1*02 alleles of the DQ2.5 haplotype), gene configuration (DQ2.2 with 2 DQB1*02 or DQ2.2 with DQ2.5 in trans configuration) could give additional information on CD risk in this population.
HLA-DQA1-DQB1-DRB1 haplotypes in populations and in CD
Haplotype frequencies in Moroccans and in other populations are reported in Figure 2 . The high frequency of the DQ2 haplotype [6] was confirmed in the Maghreb area. Both Moroccans from the North (Metalsa) and Souss [15] showed the highest frequency of the HLA-DRB1*03-DQA1*05-DQB1*02 haplotype, as compared with other populations (Figure 2A ) and the highest frequency of the DQ2 (2.5 + 2.2) haplotype (Figure 2A : Moroccans 30.2%-37.4% vs. 10.7%-12.9% of Sub-Saharans, p c < 0.001; other populations: 15%-25%). Tables 2 and 3 show HLA-DQA1-DQB1-DRB1 haplotype frequencies in CD. The highest risk for CD, 1:14, was found in risk group 1 (two DQ2, DR3-DQ2 or DR3/DR7-DQ2, with homozygous β2). For HLA-DQ8, a different trend, as compared with Italian [9] and Spanish [14] populations, was evidenced: this is probably because of a different frequency of DQ8 found in Moroccan controls, as in some other populations: in both Moroccans and Libyans, DQ8 genotypes and haplotypes showed a high frequency in the controls, and consequently the CD risk was lower than in other populations for this genotype. This changes the risk for CD of patients with the DQ8 genotype, which seems higher in Italians and in other populations than in Moroccans.
A possible high risk was found in Group 2, DQA1*02:01-DQB1*02-DRB1*07/DQA1*05-DQB1*03:01,04-DRB1*11 (1:10) (α5β2 trans configuration) and in DQ2.2 with 2 DQB1*02 (1:59), although, due to the small number of subjects in these two groups, this needs further insights. So, in addition to gene dosage (homozygous with 2DQB1*02 alleles of the DQ2.5 haplotype), gene configuration (DQ2.2 with 2 DQB1*02 or DQ2.2 with DQ2.5 in trans configuration) could give additional information on CD risk in this population.
Haplotype frequencies in Moroccans and in other populations are reported in Figure 2 . The high frequency of the DQ2 haplotype [6] was confirmed in the Maghreb area. Both Moroccans from the North (Metalsa) and Souss [15] showed the highest frequency of the HLA-DRB1*03-DQA1*05-DQB1*02 haplotype, as compared with other populations (Figure 2A 
Haplotype frequencies in Moroccans and in other populations are reported in Figure 2 . The high frequency of the DQ2 haplotype [6] was confirmed in the Maghreb area. Both Moroccans from the North (Metalsa) and Souss [15] showed the highest frequency of the HLA-DRB1*03-DQA1*05-DQB1*02 haplotype, as compared with other populations (Figure 2A ) and the highest frequency of the DQ2 (2.5 + 2.2) haplotype (Figure 2A: Moroccans 30.2-37 Tables 2 and 3 show HLA-DQA1-DQB1-DRB1 haplotype frequencies in CD. The significant association of HLA-DQ2 with CD was confirmed in Moroccan patients (Table 2) . DQ2 and DQ8 haplotypes show a constant frequency in CD patients among populations (DQ2: range 58%-70%; DQ8: range 5%-8% from Morocco to Poland (Table 3 ) [17] . Table 3 . Frequency distribution of HLA-DQA1-DQB1-DRB1 haplotypes in celiac disease (CD) in Moroccans and in European populations. 
DQA1-DQB1-DRB1
Discussion
CD Prevalence and Geographic Area
Prevalence of CD in North Africa is increasing; in the past it was underestimated, but in the last 10-15 years it reached around 1%, as observed in Western countries [1] , that is considered the worldwide prevalence of CD. However, with the spread of diagnostic and screening strategies, increased awareness of the disease, and evaluation of subjects with mild or atypical symptoms, CD prevalence could be even greater in North Africa [18] . In this study, HLA frequencies of both North Africans and Sub-Saharans, where populations exhibit low frequencies of HLA-DQ predisposing genotypes [19, 20] , were included in the comparisons to evaluate the relevance of HLA genetic risk on CD development in the Maghreb area.
Genetic Test and DQ2 Homozygosity
From literature data, it seems that the relative risk for celiac disease associated with genotypes could be different among different geographic areas (i.e., North and South Europe) [8, 21] .
This study evidenced that distribution of HLA class II allelic groups and haplotypes was similar among the various Moroccan populations; very small differences in frequencies of haplotypes involved in CD susceptibility have been found between the Moroccan healthy controls employed in this study and the mixed Moroccan population considered in a recent study [5] (some variability existed only for HLA class I, HLA-A, -B, and haplotypes/associations in Moroccans), confirming previous findings [2] . A high frequency of DQ2 and DQ8 in the Moroccan population was found, 54.2%, as compared with the 20%-40% of other populations.
HLA-DQ2.5 Homozygosity
It is known that HLA-DQ2.5 homozygous individuals have a higher risk of CD development compared to HLA-DQ2.5/x heterozygous individuals, due to a higher expression of HLA-DQ2.5 on antigen-presenting cells (APC) and a more efficient gluten presentation [22] ; recently, an effect of DQB1*02 homozygosity on CD severity has been evidenced [23] . In addition, different CD-associated DQ variants (DQ2.5, DQ2.2, and DQ7.5) confer a different risk for CD, due to the different gluten peptide sets that were selected for presentation to CD4+ T cells, as the DQ variants have different peptide-binding motifs [24] .
A comparison of HLA class II genotype and haplotype frequencies was performed, both in the control populations and in CD. The HLA class II high risk genotypes (Group 1 genotypes: DQ2 with DQB1*02/02, DR3-DQ2, or DR3/DR7-DQ2) were confirmed in Moroccan patients with CD. A high frequency of DQ2 homozygous (45.2%) was evidenced in Moroccan patients. A lower contribution of DQ2.5 heterozygous, as compared with other populations, was also found. DQ2 homozygosity increased the risk for CD (from 2% for DQ8 heterozygous to 28% for DQ2.5/DQ2.2 + 2.5 homozygous in patients at risk for CD from USA) [25] .
This greater risk could be a consequence of a different level of expression of DQ2 heterodimers, as it has been observed that the anti-gluten CD4+ T cell immune response depends on the antigen dose. Anyway, a recent study concluded that neither gene dosage nor the preferential expression of CD-associated alleles (DQA1*05 and DQB1*02), as compared with non-CD-associated alleles, are able to fully explain the different disease risk, and the contribution of other genetic factors should be taken into account [26] .
In addition, the identification of HLA-DQ2 homozygosity could help to predict the clinical evolution [21] , as DQB1*02 homozygosity has been variably associated with some clinical forms (severe [23] , refractory, and enteropathy-associated T cell lymphoma [27, 28] ). Results of the present study evidenced that assessing the homozygous status could be of particular interest in this area.
A possible high risk (1:10) of the DR7/DQ2 combination (α5β2 trans configuration, Group 2) was present in Moroccans with CD. This group should be evaluated in a larger sample for confirmation; however, results indicate the need to further investigate the expression of the different HLA-DQ heterodimers.
DQ8
Different molecular processes regulate deamidation and selection of gluten peptides associated with DQ2 and/or DQ8 molecules [29] , thus eliciting different T cell responses. These mechanisms are at the basis of different gluten reactivity and CD risk in HLA-DQ2 or DQ8 positive patients. Comparison of DQ2 and DQ8 genotype distribution in CD did not evidence differences among populations (see results and Figure 1, respectively) . As for DQ8, CD risk was lower in Moroccans and Libyans than in other populations, because of the high frequency of DQ8 in the control populations. The risk for DQ8+ DQ2.5− subjects (1:190) in Moroccans was four times lower than DQ2.5+ DQ8− (1:50) and comparable to that of DQ2.5− DQ2.2+ (1:200) or α5+ positive patients (1:170) ( Table 1) .
As mild/potential CD could be associated with a lower frequency of HLA-DQ2 homozygosity and increased frequency of DQB1*0302 (DQ8+) [23, 30] , results confirm that this study mostly included cases with overt CD, while borderline diagnoses (i.e., mild CD) have had marginal or no impact.
Environmental Factors and CD-Associated Genotypes
Geographical differences in CD prevalence could be due to combinations of both population-related genetic and environmental factors. Many questions are still open regarding the role and interactions between genetic and environmental factors on CD onset. Environmental factors are mainly associated with gluten introduction (timing, quantity, breastfeeding, etc.), but novel hypotheses are rising on a positive selection of CD-associated genotypes due to protection from gluten-associated negative effects: recently, a protective effect of HLA-DQ2 from dental caries onset has been suggested [31] , although not demonstrated. These novel aspects (if and how DQ2 could confer resistance to other diseases associated with wheat consumption) need to be elucidated with further targeted studies.
Associations have been found between intestinal microbiota, immune/cytokine response, and HLA-DQ susceptibility haplotypes, which would affect intestinal bacterial selection [32, 33] .
Conclusions
We assessed CD-associated HLA-DQ-DR frequencies in Moroccan patients and controls to evaluate possible effects of different genetic substrates. Even if many theories and environmental risk factors are subject to ongoing verification-like gluten introduction in populations, timing of gluten introduction in infants, breastfeeding, composition of microbiota, metabolic profiles, vaccination schedule, infections, use of antibiotics, etc.-the high-risk HLA genotypes (DR3-DQ2 haplotype with a gene-dose effect) at present remain the most important factor affecting CD onset [34, 35] . The classical HLA-DQ associations were confirmed in Moroccans with CD, with a marked tendency to share some characteristics with the populations at increased prevalence of CD. In particular, the high frequency of homozygous DQ2 and the lower risk conferred by DQ8, compared with other populations, were noteworthy.
This study confirms the need to learn more about associations with additional (i.e., non-classical) HLA and non-HLA genetic factors.
